hole are detected and processed so as to generate two energy spectra representative of gamma rays coming from two respective zones radially spaced from the neutron source; from each spectrum is derived a re sponse of atoms of a same element located at the respec tive zones, a first response being mainly representative of the borehole and a second response being mainly representative of the formation; from a predetermined relationship between the responses and from calibration a corrective factor for borehole effects is obtained.
Each response comprises the elemental yield of a single element, such as hydrogen for porosity measurements, or chlorine for salinity measurements, or iron for lithol ogy measurements. Elemental yields are derived from gamma rays either detected at two time gates following each a burst, or by using two different detectors longitu dinally spaced from said neutron source. --------top -E -AOTFR P-- volving the spectroscopic analysis of energy spectra of gamma rays resulting from the interaction of neutrons with atoms of elements constituting an unknown mate rial. The invention can find application in nuclear well logging techniques, wherein a sonde is lowered in a well (or borehole) and carries out spectral measurements from which is derived information about the composi tion of the earth formation surrounding the borehole, or the borehole fluid, or the annulus including casing and cement located between the borehole wall and the for mation.
2 -Related Art A major goal of well logging is to obtain quantitative and qualitative information related to hydrocarbons in earth formation surrounding a well. A substantial part of nuclear well logging techniques are based on spectral analysis of energy spectra of gamma rays resulting from interactions of atoms with neutrons emitted from the Sonde, such gamma rays being representative of certain atoms of the lithology (i.e. the matrix or the formation fluid) or of the borehole. Any reference hereafter made to "formation" or "lithology" has to be construed as referring to formation and/or formation fluid.
For example, the energy spectrum of gamma rays resulting from the capture of thermal neutrons, after being decomposed into contributions due to individual atomic elements, usually called "elemental yields', re veals information concerning the presence of earth formation elements such as e.g. hydrogen, silicon, cal cium, chlorine, sulfur and iron. Important petrophysical parameters such as porosity, matrix lithology and water salinity may be derived from the elemental yields. Ex amples of capture gamma ray spectra analysis are de picted in U.S. Pat, Nos. 3,521,064 to Moran et al., 4, 464, 569 to Flaum, 4, 507, 554 to Hertzog and Nelligan, 4, 661, 701 to Grau, 4, 810, 876 to Wraight et al.; U.S. Pat. No. 4, 937, 446 to Roscoe, Stoller and McKeon shows an inelastic gamma ray spectral analysis. All the above mentioned patents are assigned to the assignee of the present application, and are as well incorporated herein by reference. In accordance with the teaching of the above identified Moran Patent, a measured gamma ray energy spectrum, representative of a formation of un known composition, is compared with a composite spectrum constructed from individual laboratory de rived standard spectra of the constituents postulated to comprise the formation. The different amounts of the standard spectra (elemental yields) which give the best fit to the measured spectrum when weighted by each element sensitivity (i.e. the ability of an element to emit gamma rays and be detected) represent the relative proportion of the constituents of the formation. By appropriate selection of the standards, the proportion of the constituents of interest can be obtained and the desired information regarding hydrocarbon content or lithology may be derived.
Capture gamma rays could also be used for determin ing the porosity of the formation, by using so called "neutron logs' which respond primarily to the amount of hydrogen in the formation. Thus, in clean formations whose pores are filled with water or oil, the neutron log reflects the amount of liquid-filled porosity. Neutrons are electrically neutral particles, each having a mass almost identical to the mass of a hydrogen atom. High energy (fast) neutrons are continuously emitted from a radioactive source in the Sonde. These neutrons collide with nuclei of the formation materials in what may be thought of as elastic "billiard-ball" collisions. With each collision, the neutron loses some of its energy. The amount of energy lost per collision depends on the relative mass of the nucleus with which the neutron collides. The greater energy loss occurs when the neu tron strikes a nucleus of practically equal mass-i.e., a hydrogen nucleus. Collisions with heavy nuclei do not slow the neutron very much. Thus, the slowing of neu trons depends largely on the amount of hydrogen in the formation. Within a few microseconds the neutrons have been slowed by successive collisions to thermal velocities, corresponding to energies of around 0.025 eV. They then diffuse randomly, without losing more energy, until they are captured by the nuclei of atoms such as chlorine, hydrogen, or silicon. The capturing nucleus becomes intensely excited and emits a high-en ergy capture gamma ray. Depending on the type of neutron tool, either these capture gamma rays or the neutrons themselves are counted by a detector in the sonde. When the hydrogen concentration of the mate rial surrounding the neutron source is large, most of the neutrons are slowed and captured within a short dis tance of the source. On the contrary, if the hydrogen concentration is small, the neutrons travel farther from the source before being captured. Accordingly, the counting rate at the detector increases for decreased hydrogen concentration, and vice versa. Examples of implementation of such method can be found in U.S. Pat. No. 4, 816, 674 to Ellis et al. or 4, 423, 323 to Ellis et al. both assigned to the assignee of the present applica tion.
Atoms of the formation or the borehole could also be hit by neutrons in an interaction called "inelastic' wherein inelastic gamma rays are emitted. U.S. Pat. No. 4,507,554 to Hertzog and Nelligan, assigned to the as signee of this application, discloses a method of deter mining the composition of the borehole material in which an inelastic spectrum is recorded during the neu tron burst and two capture spectra are obtained in re spective time periods following the burst; one shortly after the burst and a second a much longer time after. The recorded spectra are analyzed as described above using sets of standard spectra specific to each time per iod. It is assumed that the earlier of the two capture spectra contains information about both the borehole and the formation, whereas the later capture spectrum contains information only, or at least primarily, about the formation. Accordingly, the difference between the constituent analyses derived from the capture spectra is taken to indicate the composition of the borehole. This technique has the disadvantage that the time period between successive neutron bursts may be relatively long, to allow the radiation emanating from the bore hole constituents to subside sufficiently before the sec ond capture spectrum is recorded. Consequently the logging speed must be relatively low, or alternatively poor depth resolution of the logs must be accepted. In addition, the assumption of little or no borehole contri bution to the second capture spectrum is only an ap proximation, and thus does not necessarily reflect the Las Vegas, Sept. 22-25, 1985 . The depicted method aims at determining the parameters upon which de pends the carbon-to-oxygen ratio and is based on the assumption that porosity and lithology are both known.
Although the above mentioned correction methods have proven to be useful, there is still a need for im provements towards a better knowledge of the borehole effects on the measurements the ultimate goal of which is to determine the characteristics of the formation, such as porosity, salinity or lithology.
OBJECT OF THE INVENTION
A principal object of this invention is to provide a reliable and efficient method for correcting for the ef fects of the borehole on the detection of capture gamma rays resulting from the bombardment with high energy neutrons of the formation surrounding the borehole, for e.g. porosity, salinity or lithology measurements.
SUMMARY OF THE INVENTION
According to the invention, these and further objects are attained by a method for correcting nuclear mea surements generated from the detection of gamma rays resulting from the interactions of neutrons with atons of earth formation traversed by a borehole, for the effect of the borehole, comprising: irradiating the formation with neutrons from a high energy neutron Source; detecting and counting the gamma rays resulting from the capture of the neutrons by atoms of the formation and borehole;
forming at least two energy spectra representative of gamma rays coming from at least two respective Zones radially spaced from the source;
deriving from each spectrum a response of atoms of a same element located at the respective zones, a first response being mainly representative of the borehole and a second response being mainly representative of the formation; establishing a predetermined relationship between the responses; and deriving from the relationship and from the calibration data, a corrective factor for borehole effects to be applied to the measurements.
Preferably, each of the responses comprises the ele mental yield of a single element, such as hydrogen for porosity measurements, or chlorine for salinity mea surements, or iron for lithology measurements.
According to a preferred embodiment, the responses are derived from gamma rays detected in different time gates each following a neutron burst. Alternately, the responses are derived from gamma rays detected at different detecting locations longitudi nally spaced from the neutron source.
According to another aspect of the invention, it is proposed a method for determining a characteristic or parameter of earth formation traversed by a borehole, corrected for the effect of said borehole, comprising: irradiating said formation with neutrons from a high energy neutron source; Such characteristic or parameter, as hereabove re-20 ferred to, could be e.g. porosity, salinity or lithology.
The invention also contemplates an apparatus for implementing the method hereabove set forth. The characteristics and advantages of the invention will appear better from the description to follow, given 25 by way of a nonlimiting example, with reference to the appended drawings in which: 4,390,783 to Grau, or 4,788,424 to Preeg, both assigned to the assignee of the present application and both herein incorporated by reference. Other sondes suitable for use in implementing the present invention will occur to those skilled in the art. The sonde 10 is moved in the borehole 12 by paying the cable 14 out and (while the logging measurements are actually being made) reeling it back in over a sheave wheel 20 and a depth gauge 22 by means of a winch forming part of a surface equip ment 24.
The sonde 10 includes a neutron source 26 for pro ducing primary radiation to bombard the formation 16 with fast neutrons as the sonde 10 travels up the bore hole 12, and a radiation detector 28 for detecting gamma rays induced thereby in the borehole 12 and the formation 16. The neutron source 26 is, in the example of FIG. 1 The detector 28 may be of any type appropriate to the detection of gamma radiation and the production of an electrical signal corresponding to each detected gamma ray and having an amplitude representative of the energy of the gamma ray. Typically the detector 28 includes a scintillation crystal 30 which is optically coupled to a photomultiplier 32. The crystal may be of the thallium-activated sodium iodide type, although any other suitable crystal such as thallium or sodium acti vated cesium iodide or bismuth germanate, for example, may be used. Alternatively a solid-state detector, hav ing a germanium crystal for example, may be used to produce the required signal directly and with sharp energy resolution. In this case, the sonde 10 may be nodified to maintain the detector at a suitably low tem perature for correct operation, using for example the cryostat described in U.S. Pat. No. 4,315,417 to Zaru diansky.
A neutron shield 34 can be placed between the source 26 and the detector 28 to limit direct bombardment of the detector 28 by neutrons from the source 26. The sonde 10 may be surrounded by a boron carbide impreg nated sleeve 36 in the general location of the source 26
and the detector 28. This sleeve acts as a neutron ab sorber for attenuating over time neutron interactions which occur in the immediate vicinity of the source 26 and the detector 28 (that is, in the borehole 12) and which produce detectable gamma rays. Electrical power for the sonde 10 is supplied via the cable 14 from the surface equipment 24. The sonde 10 includes power conditioning circuitry (not shown) for feeding power at appropriate voltage and current levels to the source 26, the detector 28 and other downhole circuits. These circuits include an amplifier 38 which receives the output pulses from the photomultiplier 32. The amplified pulses are then applied to a pulse height analyzer (PHA) 40 which may be of any conventional type such as the single ramp (Wilkinson rundown) type. Other suitable pulse height analog to digital converters may be used for the gamma ray energy to be analyzed. Linear gating circuits may also be employed for control of the time portion of the detector signal frame to be analyzed. Improved performance can be obtained by the use of additional conventional techniques such as pulse pile-up rejection.
Pulse height analyzer 40 assigns each detector pulse to one of a number (typically in the range 256 to 8000) of predetermined channels according to its amplitude (i.e. the gamma ray energy), and supplies a signal in suitable digital form representing the channel or ampli tude of each analyzed pulse. The occurrences of each channel number in the digital output of pulse height analyzer 40 are accumulated in a buffer memory 42 to provide an energy spectrum, which is then transferred to telemetry and cable interface circuits 44 for transmis sion over the cable 14 to the surface equipment 24. Buffer memory 42 is arranged to accumulate spectral counts during several separate portions or time gates starting with each burst of neutrons from the neutron source 26. This is illustrated in FIG. 3 which is a dia grammatic representation of the time distribution of gamma rays resulting from the irradiation of an earth formation with bursts of fast neutrons. Thus, in the illustrated embodiment, a first time gate T1 is coincident 5,081,351 7 with a first neutron burst (indicated by the hatched area) and lasts from to to t1, during which a spectrum of gamma radiation arising from inelastic interactions be tween neutrons and nuclei is acquired. A second time gate T2, starting at t and ending at t2, allows the inelas tic radiation to subside before a first spectrum of gamma radiation arising from neutron capture is acquired in a third time gate T3 lasting from t2 to t3. A second neutron burst is emitted tiuring a fourth time gate T4 lasting from t4 to ts. After a fifth time gate T5 lasting from t5 to ts, a second spectrum of capture gamma rays is acquired during a sixth time gate T6 between ts, and ti.
Thereafter, the cycle including the above referred to six time gates, and which might be called "micro cycle', is repeated e.g. for 1 ms. Then, the source 26 is turned off and background measurements are per formed for about 15-20 ms; the micro-cycle followed by the background time gate constitutes what may be called a "macro-cycle". Finally, the whole macro-cycle is itself repeated several times, for e.g. a few seconds.
The first and second neutron bursts may be either of equal or of different durations; typically T is comprised between 5 and 60 ms and T4 is comprised between 5 and 500 ms. Also, T2 may last a few ms while Ts may last between 5 Ins and 400 ms.
At the surface, the cable signals are received by cable interface and signal processing circuits 46. It will be understood that the circuits 44 and 46 may be of any suitable known construction for encoding and decod ing, multiplexing and demultiplexing, amplifying and otherwise processing the signals for transmission to and reception by the surface equipment 24. Appropriate circuits are described, for example, in U.S. Pat. No. 4,012,712 to Nelligan.
The operation of the sonde 10 is controlled by signals sent downhole from a master programmer 48, located in the surface equipment 24. These signals are received by a tool programmer 50 which transmits control signals to the neutron source 26 and the pulse height analyzer 40. In addition, the sonde 10 may contain a temperature sensor 52 which may be used to compensate the mea surements from the sonde 10 for the temperature of the borehole fluids 18.
The surface equipment includes the various elec tronic circuits used in accord with the present inven tion. These circuits may comprise special purpose hard ware as shown in FIG. 2 , or alternatively a general purpose computer appropriately programmed to per form the same tasks as such hardware.
Referring to FIG. 2 , the cable interface and signal processing circuits 46 suitably decode the information received from the well logging sonde 10 and transmit this information for the time.gates T1, T3, T4 and T6, to respectively, an inelastic spectrum acquisition buffer 54, a first capture spectrum acquisition buffer 56 and a second capture spectrum acquisition buffer 58. A back ground spectrum acquisition buffer is also provided although not shown, being known per se. Spectral data from the first capture spectrum acquisition buffer 56 is supplied via line 60 to a spectrum comparison circuit 62, which also receives data corresponding to spectral stan dards from a first capture standard spectra store 64 via a line 66. These standard spectra may be determined in the laboratory and include spectra for the anticipated constituents of the formation 16 and the borehole 12.
Typically these constituents are elements, but they may also include more complex materials, such as con pounds known to occur in the borehole 12 and/or the Likewise, information in the second capture spec trum acquisition buffer 58 passes over a line 68 to an other spectrum comparison circuit 70, where the infor mation is compared with second capture standard spec tra supplied from a store 72 over a line 74. These second capture standard spectra may also be determined in the laboratory to correspond to the T5 time gate and in clude spectra for those constituents that may be ex pected to appear in the formation 16 and borehole 12. The comparison circuit 70 provides output signals En indicative of the relative gamma ray yields of formation constituents "n" contributing to the second capture gamma spectrum. Those skilled in the art will appreci ate that correction of the detected spectra for dead time losses before comparison may be desirable to obtain maximum accuracy.
The constituent weightings Ek and En determined by the comparison circuits 62 and 70 are recorded by a recording device 76, along with the background, inelas tic, first and second capture spectra received from the sonde 10 via the interface and processing circuits 46, and the depth signals provided by the depth gauge 22.
The data can also be supplied to drive a plotter 78 to provide a graphical presentation of the derived constit uents as a function of the borehole depth.
Data from comparison circuits 62 and 70 are input respectively in circuits 80 and 82 which respectively generate hydrogen yields (H1, H2) for each of the time gates T3 and Ts. The hydrogen yields are input in a circuit 84 designed to combine the hydrogen yields from the respective spectra, according to a predeter mined function or relationship. By way of example, such function could be the ratio H/H2 or alternately of the type: (aH--bH2)/(cH1-dH2), where a, b, c and d are coefficients. Hereafter, the function or relationship will be referred to as the ratio, for the sake of simplicity. The ratio is input in a porosity/salinity determination circuit 99 itself linked to recorder/plotter 76, 78. Cali bration data, e.g. being derived from laboratory mea surements where the response of the sonde is deter mined in a given environment formation/borehole, are stored in a memory 86. Calibration data are input in a circuit 88 called porosity/salinity chart, and which is designed to generate a chart or a series of plots or curves showing the variations of the hydrogen yields versus the porosity, in different configurations . FIG. 4 shows an example of such plots for two different casing sizes. Circuit 99 is able to determine the porosity value from the hydrogen yields ratio, by using the chart is sued from circuit 88. By way of example, if the ratio, as calculated in circuit 84, is equal to 2, the porosity is equal to 12, according to the example of FIG. 4 . Similar chart or plot can be made for salinity and used in the manner hereabove described.
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In addition, the inelastic spectrum acquisition buffer circuit 54 transmits information to a spectrum compari son circuit 94 which compares the information with standard inelastic spectra data stored in store 96. This comparison circuit operates similarly to the comparison circuits 62 and 70 to derive gamma ray yields of bore hole and formation constituents, including elements such as oxygen and carbon, as calculated in circuit 98, which are not determinable with the capture spectra but As it is known in the art, the sonde 100 perform the detection of gamma rays resulting from the capture of thermal neutrons by nuclei of the formation, in order to derive, from the gamma ray counts, the porosity of the formation.
According to the invention, the sonde 100 comprises means for correcting the porosity measurements for the effects of the borehole. The neutron source 26 is oper ated either to emit continuously neutrons or to provide a burst of neutrons periodically; typically, 20 ms bursts occur in a 100 ns cycle time. A first gate (T), substan tially coinciding with the neutron burst, is used to de tect inelastic gamma rays, while a second gate and op 10 tionally a third gate may be used to detect capture gamma rays. The inelastic spectra and capture spectra are obtained by accumulating the counts-per-channel signals from the near and far detectors for a period long enough (a few seconds) to give a statistically satisfac tory spectrum. This is done under control of surface instrumentation 130, which, after having output the above mentioned spectra, is recycled to zero, and new channel count data for spectra for a new depth in the borehole 200 are accumulated. For each gamma ray detector, measured amounts of elements of the forma tion and borehole are determined from a composite spectrum made up of weighted standard spectra of the constituents postulated to comprise the formation and the borehole. As hereabove described in connection with FIG. 1 , the weights for the standard spectra which give the best fit of the composite spectrum to the un known spectrum represent the relative proportions of the constituents postulated to be present in the forma tion and in the borehole. In a manner similar to the method depicted in relation with FIG. 1 , one deter mines the hydrogen yield for the near detector 103 as well as the hydrogen yield for the far detector 104. Then, the ratio (or any other function) of the two hy drogen yields for the near and far detectors is calcu lated. From the ratio is derived a correction factor to be applied to the porosity measurements in order to take in account the effect of the borehole on the measurements.
As a matter of fact, capture gamma rays reaching the near and the far detectors are coming from respective zones situated at different radial distances from the center of the borehole. In other words, the near detec tor will be influenced by the borehole to a greater ex tent than the far detector. It has to be born in mind that both implementations, shown in FIGS, 1-5, relate to the correction of, indiffer ently, porosity measurements (through the use of hy drogen yields) or salinity measurements (by using chlo rine yields).
The respective first (FIGS. 1-4) and second (FIG. 5) implementations above described, are based on the same principle, i.e. using a differential response from atoms of a single element (either hydrogen or chlorine) located at different radial distances of investigation. The differen tiation is carried out either in time, by using time gates following each a burst (FIGS. 1-4) or in space by using two detectors longitudinally spaced (FIG. 5) .
According to further example of implementation of the invention, the tool may combine both differentiation in time and in space. In that case, the tool comprises two gamma ray detectors and the neutron source is operated to deliver neutron bursts cyclically. The ratio of the hydrogen yield for the near detector to the hydrogen yield for the far detector is calculated. The ratio of hydrogen yields from the two respective time gates (following the respective bursts) is calculated as well. The two ratios are then combined in order to improve the determination of the correction factor to bring to the porosity measurements for taking in account the effect of the borehole. Alternately, in the application of salinity measurements, instead of the hydrogen yields, 5,081,351 11 chlorine yields could be determined and the ratio calcu lated in a similar manner.
The invention also contemplates a method and a log ging tool for correcting for the effect of borehole in measurements for lithology determination. Such mea surements are carried out in case iron is present in the borehole, i.e. by way of example in the form of casing, the tool itself or hematite mud. An example of a method and tool for lithology measurements is shown in U.S. Pat. No. 4, 810, 876 to Wraight et al. or in the SPE paper already referred to. Such tool is designed to determine lithology elements such as e.g. Si, Ca, Fe, S, H, Cl, Gd, Ti or K.
The correction for the effect of borehole in lithology measurements, according to the invention, is also based on the differential response of atoms of a single element situated at different radial distances. The different re sponses are carried out by using either two longitudi nally spaced detectors or by using two neutron bursts of different durations. The logging tool for implementing this embodiment could be based on either logging tools hereabove described and in connection with U.S. Pat.
No. 4,788,424 already referred to. The single element the differential response of which is at stake, may e.g. iron. The ratio of iron yields from the near and the far detectors are calculated, and from the ratio is derived a correction factor, in the way hereabove described ( see  FIG. 5 ). Alternately, one calculates the ratio of iron yields from two time gates following the respective neutron bursts (see FIGS. 1-4). Iron yield determined from the signal representative of the borehole (i.e. short burst or near detector) will be issued mainly, if not totally, by the tool itself and/or the casing. Thus, the present implementation (based on iron yields) aims at correcting the lithology measurements for the effect of the tool itself and/or the casing. In an alternative em bodiment, one could use other elements, such as sodium or-potassium, or any other element which is present both in the formation and in the borehole.
The invention brings a substantial improvement over the correcting methods of the prior art since the correc tion data are derived from measurements made at differ ent distances radially spaced from the tool. This allows to enhance the difference between the signals represen tative respectively of the borehole and the formation.
Also, more than two responses could be generated either by using three or more detectors (instead of two), or by using three or more time gates (instead of two), then deriving the hydrogen yields for those detectors or time gates, and generating a relationship between the three or more yields.
What is claimed is:
1. A method for correcting nuclear measurements generated from the detection of gamma rays resulting from the interactions of neutrons with atoms of earth formation traversed by a borehole, for the effect of said borehole, comprising:
irradiating said formation with neutrons from a high energy neutron source;
detecting and counting the gamma rays resulting from the capture of said neutrons by atoms of said formation and borehole;
forming at least two energy spectra representative of gamma rays coming from at least two respective zones radially spaced from said source; deriving from each spectrum a response of atoms of a same element located at said respective zones, a first response being mainly representative of the 17. An apparatus for correcting nuclear measure ments generated from the detection of gamma rays resulting from the interactions of neutrons with of earth formation traversed by a borehole, for the effect of said borehole, comprising: means for irradiating said formation with neutrons from a high energy neutron source; means for detecting and counting the gamma rays resulting from the capture of said neutrons by atoms of said formation and borehole; means for forming at least two energy spectra repre sentative of gamma rays coming from at least two respective zones radially spaced from said source; means for deriving from each spectrum a response of atoms of a same element located at said respective zones, a first response being mainly representative of the borehole and a second response being mainly representative of the formation; means for combining according to a predetermined relationship said responses; and means for deriving from said relationship and from calibration data, a corrective factor for borehole effects to be applied to said measurements. ships to provide an improved relationship. 32. An apparatus for determining a characteristic or parameter of earth formation traversed by a borehole, corrected for the effect of said borehole, comprising: means for irradiating said formation with neutrons from a high energy neutron source; means for detecting and counting the ganna rays resulting from the capture of said neutrons by atoms of said formation and borehole; means for forming at least two energy spectra repre sentative of gamma rays coming from at least two respective zones radially spaced from said source; means for deriving from each spectrum a response of atoms of a same element located at said respective zones, a first response being mainly representative of the borehole and a second response being mainly representative of the formation; means for combining according to a predetermined relationship said responses; means for establishing from pre-existing calibration data a chart showing the variation of said relation ship versus said characteristic to be measured; and means for deriving from said relationship and from said chart, said characteristic, as corrected for the effect of said borehole.
